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Abstract 
A concept of radial neutron reflector of APWR brings about safety problems relevant to the flow 
induced vibration and thermal deformation. The CFD code has been expected to solve them by 
calculating pressure fluctuations of turbulent flow in downcomer and the flow distribution into the 
neutron reflector. A series of hydraulic flow test was conducted by NUPEC from 1998 to 2002 to 
demonstrate the new design of the neutron reflector and to obtain test data for validating the CFD code. 
These data are especially suitable for validating turbulent models contained in the CFD codes. The 
flow induced vibration measurements can be utilized for validating the specific turbulent model to be 
able to calculate a spectrum of pressure fluctuation such as the LES model and the flow distribution 
measurements for the general turbulent model, for example, the k-ε turbulent model.  
Introduction 
The APWR, featuring many innovative technologies for safety and economic improvement, is 
expected to be a future standardized PWR in Japan. One of the most important design improvements is 
the concept of a radial neutron reflector which replaces the baffle structures in current PWRs. This 
new reflector is designed to improve the reliability of the reactor structure and the efficient use of 
uranium resources. On the other hand, this new design brings about safety problems relevant to the 
flow induced vibration of reactor internals including the neutron reflector and, coolability and thermal 
deformation of radial reflector blocks. The CFD code has been expected to solve them by calculating 
pressure fluctuations of turbulent flow in a downcomer and the flow distribution into the neutron 
reflector through the inlet holes. 
A series of hydraulic flow tests was conducted by NUPEC from 1998 to 2002 to demonstrate the 
new design of the neutron reflector and to obtain test data for validating the CFD code. The test vessel 
was the 1/5 scaled model of the APWR reactor vessel. The test includes the flow induced vibration 
measurements and the flow distribution measurements.  
The flow induced vibration measurements 
A vibration of the core barrel caused by the turbulent flow in the downcomer shakes the radial 
reflector through the water between them (Figure 1). When the radial reflector vibrates, it may make 
contact with and shake the adjacent fuel bundles and could result in fretting, and possibly rupture, of 
the fuel pin cladding. 
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Figure 1. Flow induced vibration of the radial reflector of APWR 
Test facility and conditions 
Figure 2 shows the test facility. Measuring instruments are shown in Table 1. The tests were 
performed with varying flow rate and temperature of water in the following range. 
•  Flow rate : 60 – 120 % of the nominal flow rate (4670 m
3/h) 
•  Temperature : 50 –  150 ℃ 
 
Table 1   Measuring instruments used for the flow induced vibration measurement 
 
location  instrument  measured values number  error (%)
1. core barrel  pressure transducers  pressure 
fluctuation
1
21 
 
1.0 
 accelerometers  acceleration  18  0.13 
 strain  gauge  strain  8  3.2 
2. neutron reflector  pressure transducers  pressure 
fluctuation 
3 0.27 
 accelerometers  acceleration  16  0.13 
 displacement  meters  displacement  2  1.0 
3. upper core plate  force measure  Exciting force  4  1.0 
4. control rod guide tube  strain gauge  strain  6  3.2 
5. upper core support pole  strain gauge  strain  4  3.2 
thermo-couple temperature  1  1.0 
pressure transducers  water pressure  1  0.09 
6. inlet of test vessel 
flow mater  water flow rate  1  1.0 
7. outlet of test vessel  pressure transducers  water pressure  1  0.09 
8. test vessel  accelerometers  acceleration  6  0.09 
9. plate in lower plenum  accelerometers acceleration  4  0.09 
                                                           
1 data for CFD code validation 
radial reflector
reactor 
vibration of radial reflector 
downcomer
vibration of 
core barrel
coolant flow
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Figure 2. Test facility of flow induced vibration test and hydraulic flow test 
Test results  
A lot of data for vibration and displacement of structures were obtained in the test, but only 
pressure fluctuations of water were discussed in this paper in a view of CFD code validation. Detail of 
measurement of pressure fluctuation is shown in Figure 3. Figures 4 and 5 show the measured time 
histories of pressure fluctuation at 0° and 90° (see Figure 3) of the upper part of the downcomer under 
the condition of different flow rate. Fluctuation increases monotonically as flow rate increases and the 
fluctuation near an inlet nozzle (Figure 5) is larger than that far from an inlet (Figure4). Since the 
measured data contains the fluctuation caused by the proper vibration of the piping and test vessel, it 
should be separated and subtracted from the measured data because it has no relation to turbulence 
(see Appendix). 
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Figure 3. Detail of pressure fluctuation measurement 
 
Figure 4. Pressure fluctuation at 0°of the upper downcomer vs. flow rate (150℃)  
 
Figure 5. Pressure fluctuation at 90°of the upper downcomer vs. flow rate (150℃) 
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216The correlation length can be estimated from the data of a couple of pressure transducers set as 
shown in Figure 3. The non-dimensional cross spectrum  XY Γ between adjacent pressure fluctuation X 
and Y is defined by the following equation.  
 
YY XX
XY
XY W W
W
= Γ  (1)   
 
Here,   and   are the power spectrum,   is the cross spectrum.   XX W YY W XY W
Figures 6 and 7 show the two curves of real part of the non-dimensional cross spectrum. A 
jagged one is calculated by Eq. (1) with a couple of the measured pressure fluctuations, and the other 
smooth one is the curve fit to the jagged line obtained by the following process. The cross spectrum 
consists of two different types of correlation. One is a correlation between two adjacent pressure 
transducers set axially, namely along flow direction and the other between transducers set 
circumferentially. 
The axial cross spectrum oscillates and is damped as frequency increases because of phase 
difference corresponding to time delay between signals of two sensors set along flow. On the other 
hand, the circumferential cross spectrum is damped monotonically because of no clear circumferential 
flow. Therefore, the evaluation method for correlation length should be distinguished between axial 
and circumferential directions. [1, 2]. 
Axial cross spectrum 
() ( ) ( )
() 0 0 ln
2 cos exp Re
f f
x x
U x x f x x XY
− Γ
′ ′ − ′ −
=
′ ′ − ′ ′ ′ − ′ − = Γ
λ
π λ
  (2) 
 
Circumferential cross spectrum 
() ( ) λ x x XY ′ ′ − ′ − = Γ exp Re   (3) 
 
Here,   and    : locations of sensors  x′ x′ ′
λ    : correlation length 
U    : advective velocity 
0 Γ    : Real part of non-dimensional cross spectrum at 0 Hz 
f    : frequency 
0 f    : frequency at which non-dimensional cross spectrum decreases by 1/e 
 
Figures 8 and 9 show the correlation length λ  obtained from the smooth curve in Figure 6 and 7 
expressed by Eq. (2). The circumferential correlation length at 90° (see the second row of figures in 
Figure 8) is 0 in upper part of downcomer and increases with downstream from it. This is because the 
upper part lies in the middle of two inlet nozzles and the correlation length, therefore, becomes 0. 
The axial correlation length at 90° (see the first row of Figure 8) decreases downstream from the 
upper part of the dowmcomer because axial advection in the flow field weakens in the lower part. On 
217the other hand, the circumferential and axial correlation lengths at 0° (see Figure 9) are almost same 
shape respectively without distinction of the upper and lower parts of the downcomer. This means a 
uniform flow field at 0° of the downcomer. 
 
 
Figure 6. Spectrums of pressure fluctuations (90°, 150℃)  
 
Figure 7. Spectrums of pressure fluctuations (0°, 150℃) 
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Figure 8. Correlation length of pressure fluctuations (90°, 150℃, 100%flow)  
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Figure 9. Correlation length of pressure fluctuations (0°, 150℃, 100%flow)  
CFD calculation [3]  
The downcomer was modelled using about 550,000 structured cells with the BFC technique 
shown in Figure 10. A 3D transient turbulent flow in the downcomer was calculated by the PLASHY 
code [4] [5] using the LES turbulent model and a second-order upwind method (QUICK). The fine 
zigzag line in Figure 11 shows calculated axial cross spectrum at upper, middle and lower position in 
the downcomer and the bold line shows the most fitted curve to the fine zigzag line among curves 
expressed by Eq.(2) and agrees well with the curve in the first row of figures in Figure 6. The 
219calculated spectrum at upper part of downcomer can be fitted by Eq. (2) up to 400Hz but the 
calculated spectrum downstream tends to be away from Eq. (2) in high frequency (above about 200 
Hz). This calculation error is because the smallest eddy size captured by the LES model is limited by 
the minimum grid width. 
 
Figure 10. Calculation grid for the downcomer of test vessel 
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Figure 11. Calculated results for axial cross spectrum (90°, 150℃, 100%flow)  
The flow distribution measurements 
Test facility and conditions 
Measuring instruments are shown in Table 2. The tests were performed with varying flow rate 
and temperature of water in the same range as the flow induced vibration measurements 
•  Flow rate : 60 – 120 % of the nominal flow rate (4670 m3/h) 
•  Temperature : 50 –  150 ℃ 
220Table 2   Measuring instruments used for the flow distribution measurement 
location  instrument  measured values number  error (%)
1. inlet holes of lower core 
plate 
pressure (difference) 
transducers 
flow rate  40 
 
0.12 
 pressure  transducers  pressure 
fluctuation 
2 0.27 
2. lower core plate  pressure transducers  pressure   40  0.27 
3.inner surface of vessel 
bottom 
pressure transducers  pressure  47  1.0 
 pressure  transducers  pressure 
fluctuation 
2 1.0 
4. core inlet  pressure transducers  4  0.12 
5. core outlet  pressure transducers 
pressure loss of 
core  4 0.12 
thermo-couple temperature  1  1.0 
pressure transducers  water pressure  1  0.29 
6. inlet of test vessel 
flow mater  water flow rate  1  1.0 
 
Test results  
Flow rate at inlet holes of the lower core plate, pressure on lower core plate and pressure on inner 
surface of vessel bottom in Table 2 can be used to validate the CFD code. A detailed view of 
measurement locations for these data is shown in Figure 12. 
 
90° 
 
 
0° 180°
270° 
surface pressure of 
the vessel bottom 
flow rate of 40 holes and 
surface pressure of the 
upper core plate 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Flow distribution measurement 
221Figure 13 shows the measured flow rate of 40 holes on the lower core plate through which a small 
portion of coolant flows into the radial reflector. The x-axis means the location of the hole represented 
by an angle shown in Figure 12 and the y-axis means the ratio of flow rate of each hole defined by 
avg i q q  and here,  and   are the flow rate of the i-th hole and the averaged flow rate of all holes, 
respectively. No dependency of the flow distribution on coolant flow rate and temperature can been 
seen from the Figure. The measured pressure on the surface of the lower core plate is shown in Figure. 
14. Pressure of the y-axis means a deviation from the averaged pressure. Pressure deviation has a 
dependency of the square of total coolant flow rate and little dependency on coolant temperature. 
Figure 15 shows the measured pressure on the surface of the vessel bottom that also means a deviation 
from the averaged pressure. The pressure is high around outer region where velocity along a surface is 
large and low in a center where velocity turns upward. Relatively low pressure can be seen in 
directions of 90° and 270° corresponding to a confluence of two inlet flows.  
i q avg q
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Figure 13. Flow distribution of holes of the lower core plate (effect of flow or temperature of coolant) 
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Figure 14. Pressure distribution on the lower core plate (effect of flow or temperature of coolant) 
 
 
Figure 15. Pressure distribution on the vessel bottom (100%flow, 150℃) 
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222CFD calculation [3] 
The UFLOW code [6] calculated a 3D steady turbulent flow in the whole test vessel modelled 
using about 700,000 unstructured cells. The calculation was performed with the k-ε turbulent model 
and a first-order upwind method. Figures 16 and 17 show good agreement between test data and 
calculated results. 
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Figure 16. Comparison test data with calculated results of the CFD code (100%flow, 150℃) 
 
 
   
 
Figure 17. Comparison test data with calculated results of the CFD code (100%flow, 150℃) 
 
 
 
Conclusions 
A large part of data of the hydraulic flow test conducted by NUPEC from 1998 to 2002 can be 
utilized for CFD validation, specifically in the area of Nuclear Reactor Safety (NRS). These data are 
especially suitable for validating empirical models contained in the CFD codes for simulating 
turbulence and separate into the two groups. One is the flow induced vibration measurements utilized 
for validating the specific turbulent model to be able to calculate a spectrum of pressure fluctuation 
such as the LES model and the other is the flow distribution measurements for the general turbulent 
model, for example, the k-ε turbulent model. Boundary shapes of the former flow field are relatively 
simple, but the latter involve the specific shapes of plates in the lower plenum and inlet holes of the 
radial neutron reflector peculiar to the Japanese APWR design. Therefore, it is important for using the 
data of the flow distribution measurements to validate the CFD code that these boundary shapes 
should be exactly reflected in the calculation grid of the CFD code. 
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223Histories of pressure fluctuation of the coolant in the several locations of the downcomer were 
obtained by the flow induced vibration measurements and rearranged into several data by the 
statistical process. These data can be classified as followed depending on the level of capability of the 
turbulent model validated by them. 
(Level 1) Total pressure fluctuations (integral of frequency) 
(Level 2) Spectrum of pressure fluctuations 
(Level 3) Correlation between adjacent pressure fluctuations 
A correct simulation of the higher level data by the CFD code needs the more sophisticated 
turbulence model and the more sufficient fine grids. For example, the calculated results with the LES 
model and 550,000 grids agreed well with the data of the level 1 and 2, but did not agreed very well 
with the level 3. 
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224Appendix  Common mode noise caused by the proper vibration of piping system 
The histories and spectrums of the measured pressure fluctuation at various locations in the 
down-comer of the test vessel are shown as blue lines in Figures A1 and A2, respectively. Every data 
shown in the figures but 90° of upper part of the down-comer was similar to each other in spite of 
measurement at different locations. In order to grasp it quantitatively, strength of correlation with the 
fluctuation of 0° of upper part is calculated by rearranging the measured data statistically and is shown 
as blue lines in Figure A3. All but 90° of upper part correlates tight with the fluctuation of 0° of upper 
part in the range of frequency between 20Hz and 100Hz. Since these correlated pressure fluctuations 
are common mode noise caused by the proper vibration of the piping system of the test facility and 
have no relation to turbulence, it is necessary for CFD code validation to separate and subtract its 
component from the measured fluctuations. 
Process of common mode noise reduction 
The measured pressure of the i-th pressure transducer   is assumed to be summation of the 
common mode noise   and random fluctuation of turbulence
i p
0 p i p′. 
 
i i p p p ′ + = 0  (A1) 
 
The random fluctuation   near the inlet nozzle such as 90° of upper part is considered to be 
larger than the noise level   and at the other locations, 
i p′
0 p i p′ smaller than  .The approximate value 
of the common mode noise 
0 p
0 p  is estimated to average   of every location but neighborhood of the 
inlet nozzle. 
i p
 
n
p
p
n
p
p
i
i
i
i ∑ ∑ ′
+ = = 0 0  (A2) 
 
Difference between  0 p  and   reduces as the number of averaged pressure n  increases because  0 p
n p
i
i ∑ ′  approaches 0. Then, we can estimate the random turbulence pressure   by subtracting  i p′ 0 p  
from measured data as Eq. (A3). 
 
n
p
p p p p
i
i
i i i
∑
− = − ≈ ′ 0  (A3) 
 
Red lines in Figures A1-A3 show the histories, spectrums and coherence levels of the pressure 
fluctuation after noise reduction compared with the measured data. It can be seen from Figures A2 and 
A3 that some peaks of spectrum corresponding to the proper vibration of piping system disappear and 
coherence level decreases as expected. 
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  Figure A1. Comparison of pressure fluctuations
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Figure A2. Comparison of spectrums   
 
 
 
0
0.5
1
0 125 250
Frequency (Hz)
C
o
h
e
r
e
n
c
e
measured data
noize reduced data
0
0.5
1
0 125 250
Frequency (Hz)
C
o
h
e
r
e
n
c
e
measured data
noize reduced data
 
 
 
 
 
 
 
 
 
0
0.5
1
01 2 5
Frequency (Hz)
C
o
h
e
r
e
n
c
e
2 5 0
measured data
noize reduced data
upper 90°  middle 0°  lower 90° 
  Figure A3. Comparison of coherence with upper 0° data 
 
 
 
 
Remedying process to obtain the power spectrum of turbulence 
Figure A4 shows the normalized power spectrums of the pressure fluctuation measured at the 
representative locations in the downcomer. It is well-known by the Kolmogorv theory that a turbulent 
energy in an inertia region decrease by the -5/3 power of a frequency. Since a power spectrum of 
pressure fluctuation is proportional to turbulent energy, a line of the -5/3 power of a frequency is able 
to be included in Figure A4. The normalized power of fluctuation near the inlet nozzle of upper 45°, 
90° and 135° decreases according to the law of the -5/3 power beyond 1 non-dimensional frequency 
(24Hz). The other spectrums, by contrast, are swollen with some peaks in the range from 1 to 5 
(120Hz) of non-dimensional frequency and decreases according to the law of the -5/3 power beyond 5. 
This swelling that is caused by the proper vibration of piping system of the test facility is subtracted 
from the measured spectrums as shown in Figure A5. Figure A5 also include the spectrum obtained by 
226the noise reduction process mentioned previously. It can be seen from the figure that the noise 
reduction process succeeds in subtracting an effect by the proper vibration of the facility, but results in 
underestimating pressure level. 
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Figure A4. The normalized power spectrums of the measured pressure fluctuation 
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Figure A5 Subtraction of a component due to the proper vibration of piping system  
line of -5/3 power 
(the Kolmogorv theory)
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